In the energy sector, structures such as offshore wind power plants typically operate for long periods of time in harsh environments. Therefore, remote monitoring systems are required for maintenance. Optical fiber sensors are suitable for this purpose because the transmission loss in the optical fiber lines is very small. For the optical fiber sensor is small transmission loss, the measurement data can be far transmission. Therefore, optical fiber sensing systems are widely used to monitor the structures of wind power plants. Wind power generation systems contain many rotary shafts that are constantly subjected to severe operating loads. It is important to maintain rotary shafts and other rotating components. Their health can be monitored by measuring the strain in the rotary shaft. Optical fiber sensors are line sensors that have a length of measuring section. However, the effects of surface curvature, such as that of a rotary shaft, on the measured strain are not known in detail. These sensors are considered more susceptible to the effects of curvature than conventional point sensors. Therefore, the effect on strain measurement accuracy must be determined. In this study, a high-precision torsional strain sensor system is proposed that uses a fiber Bragg grating (FBG)optical fiber sensor. Torsional load tests were conducted to confirm the effects of curvature on the strain distribution measurement and the performance of the FBG sensor attached to the cylindrical shaft. The proposed measurement technique was evaluated for measurement of the torsional strain distribution and temperature. Experimental and FEM analysis results were compared to verify the measurement accuracy.
Introduction
Structural health monitoring is used to evaluate the durability and safety of structures over their lifetime. Optical fiber sensors are often used for this purpose because they show extremely small transmission loss and are capable of long-distance and reliable distribution measurements (Takeda, 2004; Ye, et al., 2014) .
Structures such as offshore wind power plants in the energy sector is running a long period of time under harsh environments．For maintaining such structures, there is strong demand for systems to constantly monitor driving condition from a remote location. Optical fiber sensing is increasingly being used for this application (Bosselmann, et al., 2008; Schroeder, et al., 2006) . In particular, such sensors are being used in rotary shafts subjected to severe operating torques, because the maintenance of such constantly operating equipment is important (Elnady, et al., 2012) . However, an optical fiber sensor is a line sensor, whereas the conventional sensor is a point sensor. Therefore, compared with the conventional sensor, an optical fiber sensor is considered susceptible to the effects of curvature. For this reason, it may be problematic to attach an optical fiber sensor to a large curved surface for strain measurement. When measuring the Hayama, Ohshima, Ibukuro, Matsuo and Hagihara, Mechanical Engineering Letters, Vol.2 (2016) [DOI: 10.1299/mel. strain due to torque in tension lines by taking the angle in the axial direction, it is necessary to determine the effect of curvature on measurement accuracy. In this regard, a configuration with multiple pairs of sensors is expected to improve the strain measurement accuracy.
In this study, torsional load tests were conducted to evaluate the performance of fiber Bragg grating (FBG) optical fiber sensors attached to a cylindrical body. The torsional strain distribution and temperature generated on the cylinder surface were measured, and the effectiveness of the measurement technique was evaluated through a comparison with FEM analysis results.
Fiber Bragg grating optical fiber sensing 2.1 Features of fiber Bragg grating sensing
In optical fiber sensing, Brillouin optical time domain reflectometers and Raman optical time domain reflectometers are now used as distributed sensors, and FBG sensors are used as quasi-distributed (multipoint)sensors (Hotate and Murayama, 2012) . In this study, FBG sensors are investigated because they show good response, measurement accuracy, and versatility.
By connecting multiple FBG sensors in series, multipoint strain measurement can be performed to discriminate the Bragg reflected wavelength. For example, when the wavelength of a light source is within a 40-80 nm range and the wavelength shifts by ~5 nm at each FBG sensor, strain measurement can be performed with 8-16 points in a single fiber. The next section discusses the principle of FBG sensing (Nemoto, et al., 2005) .
Sensitivity of fiber Bragg grating sensing
In the FBG sensor, only light of the wavelength that satisfies the Bragg reflection condition based on the period of the grating is reflected (Fig. 1) . The reflected wavelength λ of the FBG for grating spacing Λ and core refractive index n is given by Eq. (1).
A change in a physical quantity such as strain or temperature causes a change in Λ and n, in turn causing the wavelength shift Δλ of the FBG. Therefore, strain and temperature can be measured by monitoring Δλ. By using the refractive index change Δn and grating spacing change ΔΛ, the photoelastic coefficient Ρe representing the contribution of Δn due to strain ε is given by the relational expressions ΔΛ/Λ = ε and Δn/n = -Ρe·ε. Then, the relationship between Δλ (pm) and ε (με) is given by Eq. (2).
The strain sensitivity（ ⁄ = ( − )), which changes according to the FBG grating manufacturing method and measurement conditions, is ~1.2 pm/με for a flat surface and a reflected wavelength of 1550 nm.
A temperature change of ΔΤ in the FBG results in a change in Λ and n; then, using the linear expansion coefficient α and refractive index temperature coefficient ζ gives a relationship between Δλ and ΔΤ. The temperature sensitivity (∆ ⁄ = ( + )), which depends on the material, sensor manufacturing method, and test method, is 9.5-14 pm/°C for λ = 1550 nm at room temperature. Therefore, the influence of temperature cannot be ignored in strain measurement, and it is necessary to compensate for the temperature. Hayama, Ohshima, Ibukuro, Matsuo and Hagihara, Mechanical Engineering Letters, Vol.2 (2016) [DOI: 10.1299/mel.16-00502] Fig. 2 shows three types of FBG strain sensors. Fig. 2 (a) shows a Type A sensor, which is prepared by directly bonding a fixed fiber on the measured object. Fig. 2 (b) shows a Type B sensor, which is prepared by attaching the fiber to a magnetic rubber mounting sheet that is then placed on the measured object for ease of construction. Fig. 2 (c) shows a Type C sensor, which is prepared by fixing the fiber under a magnetic rubber cover sheet attached to the measured object. Table 1 shows the fixing methods for the different types of FBG strain sensors. In Type AC, the sensor is directly bonded to the measured object and covered with a magnetic rubber sheet for stabilization. In Type BC, the sensor is bonded to the magnetic rubber mounting sheet and covered with a magnetic rubber sheet. In this study, a Type C sensor was used for a uniaxial tensile test, and Type AC and BC sensors were used for torsional tests.
Fiber Bragg grating sensor
As for temperature sensors, basic-type (Type BT) and unit type (Type UT) FBG sensors were used. In Type BT, the temperature sensors are attached to a measured object to avoid the effect of strain. For this purpose, a sensor cable is loosely connected with the sensor to avoid generating initial tension. In Type UT, a thin pipe is bonded to a magnetic rubber sheet and the sensor is not attached to the pipe.
Basic test 3.1 Uniaxial tensile test
A uniaxial tensile test was performed to confirm the strain sensitivity of the FBG sensor. The uniaxial tensile testing machine (AG-IS 100KN, Shimadzu), test piece (JIS 1B), FBG sensor (Type C), and magnetic rubber cover sheet are shown in Fig. 3 . The test was performed at pulling speeds of 0.02-0.1 mm/min, and loads of 0-30 KN were applied three times.
The results of the uniaxial tensile tests are shown in Fig.4 , in which the measured wavelength shift is related to the strain calculated from the test load by using the cross-sectional area of test piece, 150 mm 2 and the Young's modulus of SS400, 206 GPa. From the figure, the strain sensitivity of the FBG sensor is found to be ~1.2 pm/με, which is the commonly used value.
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Test of the effect of curvature on measured wavelength
To determine the effect of the curvature on the measured wavelength, the optical power loss and wavelength shift were measured by changing the radius of curvature (bending diameter). Fig. 5 shows a schematic of the test apparatus. Measurements were performed using a sensor monitor (FB200 FBG, Yokogawa) and an FBG sensor (center wavelength: 1542 nm, not fixed to an object). Measurements were performed two times under zero load. Fig. 6 shows the measurement results. The figure shows that the measured wavelength starts to shift significantly at a bending diameter of 20-30 mm. This is because optical power loss rapidly increases in this region, as the peak wavelength calculated from the power spectrum shows large error. Therefore, the curvature has a negligible effect on the measured wavelength for bending diameter greater than 30 mm.
Torsional load test 4.1 Test equipment
To perform torsion strain measurement, a circuit was used combining two or four gauges for electrical sensing (Watanabe, 1982) . Because the FBG sensor is a single sensor, the direct error cannot be canceled by electrical sensing. Therefore, accurate measurements were performed by canceling errors using a combination of sensors, and a torsional load test was performed to verify the error cancellation (Hayama, et al., 2016) . Fig. 7 shows the torsional load test apparatus for the circular tube used in this study. The tube was made of carbon steel pipe (SGP100A), and it had outer diameter, length, and wall thickness of 109.3 mm, 374 mm, and 2 mm, respectively. The ends of the tube had a forged, thick-walled cylindrical structure and a flange with outer diameter of 120 mm, both of which were welded. Fig. 8 (a) shows the sensor arrangement used in this study. We used six FBG strain sensors (1, 2, 3, 6, 7, and 8). The strain sensitivity at a tension line angle of ±45° was the maximum; the strain state on the left side was compression, and that on the right side was tension. The FBG strain sensors were fixed to the object while applying an initial tension and used to measure the tensile stress field, even when compressive stress was present. We used an FBG temperature sensor and drip-proof digital thermometer (CT-450WR, Custom Corp.) for the temperature measurements. The thermometer probe was brought into contact with the upper end labeled P4 in the figure. The FBG temperature sensors were positioned at the upper end (P4), with sensor 5 (Type BT) at the left side and sensor 4 (Type UT) at the right side. Fig. 8(b) shows the structure of the FBG strain sensor. The six strain sensors had dimensions of l1 = 10 mm, l2 = 30 mm, and l3 = 100 mm. The sensors had a half width of 0.22-0.23 nm and reflectance of 90%.
To improve the measurement accuracy, multiple sensor pairs were used to cancel the errors from each other, as shown in Table 2 . Combination sensors Cb1 and Cb3, which respectively comprised sensors 2 and 6 at position P1 and sensors 1 and 8 at position P3, were orthogonal to each other and used for error cancellation. Combination sensor Cb2, which comprised sensor 3 at position P4 and sensor 7 at position P2, was used for direct cancellation of the axial strain. 
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Test results
When performing the torsional load test, the specimen temperature was measured two times. The room temperature at the start of the first and second tests was 25.4°C and 24.4°C, respectively. A comparison of the measurement results with the FBG temperature sensor and drip-proof digital thermometer showed that the temperature sensitivity of Types BT and UT at room temperature was 12.2 and 10.5 pm/°C, which is close to the practical value. Temperature compensation of strain was performed by subtracting the wavelength variation of the temperature sensor from that of the strain sensor. Fig. 9 shows the results of the torsional load test. The figure shows the wavelength shift measurements of strain sensors 1, 2, 3, 6, 7, and 8 and the wavelength shift calculated with the torque in tension line angle 45° by using Eqs. (2) and (4). Torque of up to ~500 N·m was applied, and the test was repeated three times.
The initial wavelength used as a reference for the wavelength shift was the wavelength without load obtained by the first measurement. The figure shows that the calculated value tends to shift to the positive side for all sensors except sensor 3, although the reason for this could not be determined. Sensors 1 and 2 show almost the same magnitude, sensor 3 shows small magnitude, and sensors 6, 7, and 8 show similar magnitudes. The normal strain of the longitudinal direction of the circular tube is almost zero. The measured values of sensor 3 are not affected by the torque because the sensor is attached along the longitudinal direction of the circular tube. Fig. 10 shows the results of the torsional load tests. In the figure, the strain measurements of the combination sensors Cb1, Cb2, and Cb3 are compared with the calculated strain values caused by the applied torque. The test results and calculated values are in good agreement, although the accuracy of Cb2 decreases slightly. The difference between the results of Cb1 and Cb3 and that of Cb2 is probably due to the difference in the arrangement of the combination sensor, as shown in Table 2 and Fig. 8(a) . That is, Cb1 and Cb3 have the same arrangement but Cb2 has a different arrangement.
In Fig. 10 , the strain values can be calculated from the following equation:
This equation is derived from the Saint Venant formula for uniform torsion. Here, Τq is the torque (N·m); GJ, the shaft torsional stiffness (N·m 2 ); rs, the shaft radius (m); ε, the strain; and θ, the tension line angle of the FBG sensor during circumferential expansion (°). Omitting the higher-order terms of Eq. (3) Hayama, Ohshima, Ibukuro, Matsuo and Hagihara, Mechanical Engineering Letters, Vol.2 (2016) [DOI: 10.1299/mel.16-00502]
FEM analysis was performed to evaluate the accuracy of the measured strain distribution. The FEM analysis was specifically aimed at confirming the effects of the thick-walled cylindrical end structure on the axial strain of the measurement section. Fig. 11 shows the strain contour plots of the analysis models and results.
The test specimen was modeled with 10-node tetrahedral solid elements of the SolidWorks analysis solver. The minimum element width was 2 mm, and the rotation of the end was fixed with an opposing torque of 500 N·m. The maximum measurement strain was 95 με, which is consistent with the calculated value of 94.8με obtained using Eq. (4).
Furthermore, large local strain changes due to rigidity differences were found to occur in only the boundary portion. The calculation conditions of Eq. (4) were as follows: Τq = 500 N·m, θ = 45°, GJ = 1.44119 ×10 5 N·m 2 , and rs = 0.05465 m.
The distribution of the normalized strain values in each strain medium obtained by the torsional load test and FEM analysis were compared. The table given in Fig.11 shows a comparison of the measurement results for Types AC and BC.
From this, it is understood that the axial difference in measured strain reaches approximately 4%.
6. Discussion 6.1 Evaluation of measurement accuracy Table 3 shows a comparison between the strain error measurement (%)from the torsional load tests and the calculation results of the mean squared error based on the results given in Figs. 9 and 10.
As confirmed qualitatively in Fig. 9 , the table shows quantitatively that the accuracy of sensors 1 and 2 was equal, and that the accuracy of sensor 7 was highest among sensors 6, 7 and 8. Furthermore, as confirmed qualitatively in Fig.  10 , it can be seen quantitatively that the accuracy of sensors Cb1 and Cb3 was approximately equal, and that sensor Cb2 had slightly inferior accuracy. In particular, the test results show that the average accuracy improvement of the combination sensors was 4%-5%. For example, the average error of sensors 1 and 8 was 8.5%, whereas that of Cb3 was 2.5%, representing a 6% improvement in accuracy. Fig. 9 shows that in sensors 6, 7 and 8, and in sensors 1 and 2, the measured wavelength shifted to the positive side but to different extents. The error caused by such wavelength shift can be offset using the combination sensors, which improve the accuracy of strain measurements, although there remains a small residual error that cannot be offset, depending on the combination sensors.
Wavelength shift due to curvature
The wavelength shift caused by curvature can be broadly attributed to physical factors and optical factors. Optical factors, in turn, can be those specific to the optical fiber or to the FBG sensor. However, each factor is different and so are the necessary countermeasures.
Physical factors include geometric stretching that occurs in the sensor because of the flat surface sensor is attached to becoming curved. Although a wavelength shift occurs because geometric stretching produces strain, it is reset as the initial wavelength because it is not measured.
Optical factors include increases in light leakage and optical power loss caused by bending of the fiber. Optical power loss consequently increases the peak wavelength detection error, in turn causing a wavelength shift. As indicated in the test results described in Section 3.2, the wavelength shift becomes negligible for a bending diameter of 30 mm or more. In the torsional load test, the specimen diameter was ~110 mm, and the influence of optical factors due to curvature on the wavelength shift could be ignored.
Conclusion
A torsional load test and FEM analysis were performed to verify the measurement accuracy of strain distribution. The measurement results for the torsional strain distribution of the cylindrical surface showed that effective methods are the selection of various FBG sensors and the use of a sensor pair. The selection of various FBG sensors includes selecting the tension line angle, construction method, and sensor type. Furthermore, the accuracy of strain measurement can be improved by the use of sensor pair because of offsetting error. Similarly, temperature and torque measurements that are necessary to judge the soundness of a rotary shaft could be performed. The curvature had a negligible effect on the wavelength shift of the optical fiber sensor for bending diameters of 30 mm or more.
